MD. Left ventricular epicardial admittance measurement for detection of acute LV dilation. J Appl Physiol 110: 799-806, 2011. First published December 9, 2010 doi:10.1152/japplphysiol.01047.2010.-There are two implanted heart failure warning systems incorporated into biventricular pacemakers/automatic implantable cardiac defibrillators and tested in clinical trials: right heart pressures, and lung conductance measurements. However, both warning systems postdate measures of the earliest indicator of impending heart failure: left ventricular (LV) volume. There are currently no proposed implanted technologies that can perform LV blood volume measurements in humans. We propose to solve this problem by incorporating an admittance measurement system onto currently deployed biventricular and automatic implantable cardiac defibrillator leads. This study will demonstrate that an admittance measurement system can detect LV blood conductance from the epicardial position, despite the current generating and sensing electrodes being in constant motion with the heart, and with dynamic removal of the myocardial component of the returning voltage signal. Specifically, in 11 pigs, it will be demonstrated that 1) a physiological LV blood conductance signal can be derived; 2) LV dilation in response to dose-response intravenous neosynephrine can be detected by blood conductance in a similar fashion to the standard of endocardial crystals when admittance is used, but not when only traditional conductance is used; 3) the physiological impact of acute left anterior descending coronary artery occlusion and resultant LV dilation can be detected by blood conductance, before the anticipated secondary rise in right ventricular systolic pressure; and 4) a pleural effusion simulated by placing saline outside the pericardium does not serve as a source of artifact for blood conductance measurements. early detection of heart failure; bioimpedance; left ventricular preload; end-diastolic volume; conductance CONDUCTANCE MEASUREMENTS HAVE been available as an invasive tool to detect instantaneous left ventricular (LV) volume since 1981 (2). Tetrapolar electrodes are usually placed on a catheter located within the LV chamber to determine instantaneous volume by electrical conductance measurement. Conductance systems generate an electric field using a current source, and volume is determined from the instantaneous returning voltage signal. Conductance is the preferred measurement over resistance (or impedance), because it has a direct (not inverse) relationship with volume. However, this approach cannot be translated into an implanted device in patients, particularly those with heart failure (HF) where there is clinical need, due to the risk of stroke. One solution would be to move these electrodes to the LV epicardium, eliminating the risk of stroke.
early detection of heart failure; bioimpedance; left ventricular preload; end-diastolic volume; conductance CONDUCTANCE MEASUREMENTS HAVE been available as an invasive tool to detect instantaneous left ventricular (LV) volume since 1981 (2) . Tetrapolar electrodes are usually placed on a catheter located within the LV chamber to determine instantaneous volume by electrical conductance measurement. Conductance systems generate an electric field using a current source, and volume is determined from the instantaneous returning voltage signal. Conductance is the preferred measurement over resistance (or impedance), because it has a direct (not inverse) relationship with volume. However, this approach cannot be translated into an implanted device in patients, particularly those with heart failure (HF) where there is clinical need, due to the risk of stroke. One solution would be to move these electrodes to the LV epicardium, eliminating the risk of stroke.
Electrodes have not been previously placed on the LV epicardium to interrogate LV blood volume, as proposed for the first time in the present study. The epicardial location introduces new complexities, including greater contamination of the resulting voltage signal with myocardium when only the LV blood volume is desired. We are able to solve this problem with the use of admittance (the inverse of complex impedance), because admittance is a complex plane number containing information about the permittivity of muscle, which allows separation of the amount of blood and muscle in the signal.
One clinical application of the LV epicardial location would be HF patients. HF is one of the leading causes of admission to the hospital (6) . Studies have shown that HF patients with dilated hearts have a reduction in the frequency of hospital admission and prolongation of life with the implantation of biventricular pacemakers and automatic implantable cardiac defibrillators (AICDs) (5, 9, 11, 20) . These benefits extend to the millions of patients with both ischemic and idiopathic cardiomyopathy. Recently, technology used in combination with AICDs and biventricular pacemakers for sensing the progression of impending HF to reduce the number and length of stay of hospital admissions for congestive HF has been proposed (1, 10, 18, 19, 27, 28, 31, 32, 35) . There are two incorporated HF warning systems used with biventricular pacemakers and AICDs that have been tested in clinical trials. First, Chronicle detects an increase in right heart pressures in an attempt to detect the onset of HF (1, 10, 19) . Second, Optivol and CorVue use lung conductance measurements as an indication of pulmonary edema (18, 31, 32, 35) . However, both are measures that occur later than the best indicator of impending HF: LV preload.
More recently, Stahl et al. (28, 29) have proposed generating an electric field in the right ventricle (RV), and detecting the fringe field from the LV biventricular pacer lead. However, this measurement does not separate the lumped blood (real) and myocardial (real and imaginary) components of admittance. There are currently no proposed implanted technologies that can perform LV blood volume measurements. We propose to solve this problem by incorporating the admittance measurement system, developed by our group (13, 22-24, 26, 33, 34) , onto biventricular and AICD leads, and removing the myocardial contribution from the combined electrical blood/muscle signal to determine an increase in LV preload from baseline. Biventricular leads are already located in ideal measurement locations: the lateral LV epicardium and the RV apex (Fig. 1A) . Since blood has five times lower resistivity than myocardium, the preferential path for a substantial fraction of the current flow is the LV blood volume (Fig. 1B) .
We demonstrate the validity of our approach by 1) deriving real-time LV blood conductance signals following instantaneous removal of the myocardial component of the signal utilizing epicardial electrodes; 2) detecting LV dilation with blood conductance in response to IV neosynephrine comparable to the standard of endocardial crystals (see Figs. 2 and 3); 3) detecting LV dilation with blood conductance in response to occlusion of the left anterior descending coronary artery (LAD), while RV pressures remain unchanged; and 4) demonstrating that saline placed in the chest cavity to simulate a pleural effusion is not a source of artifact in the measurement of epicardial admittance.
METHODS

Calculation Theory
Epicardial blood conductance measurement. The relationship between measured blood conductance and LV blood volume is determined primarily by the shape of the current field in the blood pool and surrounding myocardium. For example, in a uniform electric field approximation, the measured time-dependent resistance, R blood, is proportional to the electrode separation distance, L(t), and inversely proportional to the cross-sectional area of the field, A(t), and the converse for the measured blood conductance, Gblood, where is blood resistivity:
Some of the measurement electrode positions will produce a G blood primarily sensitive to the cross-sectional area change, while others are primarily sensitive to the separation distance. As the cross-sectional area of the LV increases, there is a corresponding increase in G blood. Thus, for the purposes of the present study, we focused on areadependent electrode configurations only. Dynamic muscle conductance removal. Epicardial admittance is a measurement taken in the complex plane and has both a magnitude, ԽY Խ (Siemens), and a phase, ϽY (degrees). The values for admittance are a combination of both the muscle and G blood (G), and the muscle susceptance (C), for both are present in the current field. The process for separating admittance into blood and muscle conductance was outlined previously for the case of a tetrapolar catheter where the blood and muscle are in parallel (22) . However, there is no previously Fig. 1 . A: biplane left ventriculogram from a patient with congestive heart failure and a previously implanted automatic implantable cardiac defibrillator (AICD)/biventricular pacer, demonstrating how the leads span the left ventricle (LV) blood from the right ventricle (RV) apical septum to the lateral LV epicardium. B: the admittance electric field lines from the RV apical septum to the lateral LV epicardium. Fig. 2 . Typical neosynephrine (Neo) dose-response (D-R) data obtained from a single porcine study, which demonstrates the raw signals and which signals are used to derive final LV blood conductance (Gblood). The aortic (Ao) pressure (P) increased with the Neo D-R, while Ao flow was constant. Both short-and long-axis LV endocardial crystals increased in distance with Neo D-R, as did calculated LV volume (LV Crystal Vol, ml). The epicardial impedance ( Z ) and phase angle (Z Phase) also changed in response to the Neo D-R, as did calculated LV Gblood (mS), similar to the LV volume standard (see Fig. 3 ). Neo 75, 150, and 300 are in units of g/min.
proposed model for the separation of blood and muscle components of a cross-chamber epicardial admittance measurement, where the blood and muscle components are in series. This new theory to separate blood and muscle components is presented below.
Where Rm is the resistance of muscle (⍀), and Rb is the resistance of blood (⍀), εm is the permittivity of muscle (F/m), and m is the conductivity of muscle (S/m). The derivations for the above formula are in the attached APPENDIX, and use impedance Z ¡ (the inverse of admittance Y ¡ ) because of the ease of mathematical formulation. The complex impedance Z ¡ can be separated into real (Re͕Z ¡ ͖) and imaginary parts (Im͕Z ¡ ͖). The properties of the myocardium m and εm can be calculated using a surface probe measurement (22, 24) . In an epicardial measurement, the field generated is mostly transverse, while, in a surface probe measurement (and in a traditional LV catheter measurement), the field is mostly longitudinal. This difference has been measured by others and was corrected in our data by multiplying by a factor of 2 (12, 30) . The penetration depth for the surface probe used to measure the porcine myocardial properties was 3.6 mm, which does not extend into the LV blood volume beneath. LV volume measurement with two-dimensional sonomicrometry. The standard of volume measurement used in this study is twodimensional (2D) sonomicrometry (endocardial) crystals. 2D endocardial crystals are an acceptable alternative in large-animal hearts when the two short axes are equal in distance (14, 16, 17) , and this distance is maintained during acute LV dilation. The porcine myocardium is prone to arrhythmias, and there is significant trauma Fig. 3 . A: effect of Neo on LV end-diastolic volume in epicardial lead studies. Note that LV Gblood tracks with the standard of LV crystal volume. B: the same data analyzed without subtracting the muscle component, demonstrating that dynamic removal of the myocardial signal using admittance is critical for detecting increasing LV volume. The pig number is identified in the legend. There is variation in the absolute volumes in these hearts due to a large variation in porcine size. associated with placing the third crystal plane through the septum. Consequently, 2D endocardial crystals are the practical approach. The two dimensions measured included the anterior-posterior and apexbase planes via pairs of 2-mm piezo-electric ultrasonic transducers positioned on the endocardial surface through a stab wound through the LV myocardium and secured with a purse-string suture. The two crystal pairs were attached to a digital sonomicometer (Sonometrics, London, Ontario, Canada), and the digital output was then transformed into volume by fitting the points to a prolate ellipsoid (14, 17) .
Experimental Protocol
This study was conducted in compliance with the United States Food and Drug Administration Good Laboratory Practices Regulations (21 CFR Part 58), following approval of the animal use committee at the University of Texas Health Science Center San Antonio. For the 15 Yorkshire pigs studied, the body weight ranged from 42 to 78 kg (mean ϭ 60 Ϯ 12.6 kg); 14 were male and 1 was female. Pigs were sedated with Telazol 4 mg/kg im and intubated, and anesthesia was maintained with 1-2% isoflurane with 100% oxygen. The right neck was dissected to gain access to the jugular vein and carotid artery. A sternotomy was performed, and the pericardium was partially opened. Amiodarone at a dose of 150 mg iv was given over 30 min and repeated 30 min later. Following loading of amiodarone, a lidocaine infusion was initiated at 1 g/min for the remainder of the protocol. Although there was anticipated myocardial depression from this approach, there was greater concern that the porcine model has a low ventricular fibrillation threshold.
Of the 15 pigs studied, 4 died before data collection. Of the 11 remaining, complete data sets were collected for neosynephrine and aortic (Ao) occlusion. Due to ventricular fibrillation immediately after LAD occlusion, only six animals survived beyond 10 min to allow for data collection. Simulated pleural effusion was added late to the protocol and thus was only performed in the last seven pigs.
Instrumentation overview. Platinum-platinum black electrodes were chosen for the experiment because of their low electrode interface impedance (Medtronic, Minneapolis, MN). Electrode locations were chosen to simulate the approximate positions of biventricular leads in the RV and on the lateral LV epicardium. Two sets of four electrodes spaced 1 cm apart were sewn onto a felt backing, and each was sewn onto the LV epicardium. The anterior electrodes were sewn parallel to the distal LAD to simulate the RV lead, and the posterior electrodes were sewn parallel to a left marginal vein to simulate the LV biventricular lead. Electrode pairs were chosen for a crossventricular chamber tetrapolar measurement with a current-producing and a voltage-sensing electrode on both the anterior and the posterior epicardium.
The pigs were also instrumented with 2D endocardial crystals, as outlined above, a left carotid pressure sensor (3F, Scisense, London, ON), a 6F sheath in the jugular vein, an RV pressure sensor inserted directly through the anterior RV wall (1.2 F, Scisense, London, ON), a descending thoracic saline-filled balloon occluder (16-or 18-mm diameter, In Vivo Metric, Healdsburg, CA) to generate transient occlusion as an alternative method to produce LV dilation, and an Ao flow probe, which was placed in the descending thoracic aorta (Transonic, Ithaca, NY) immediately distal to the balloon occluder to document that occlusion was obtained.
Properties measurement and hematocrit. A custom-designed epicardial probe was applied to the surface of the intact beating openchest heart. The stimulus current was generated using the instrumentation previously described (25) . Real-time |Y ¡ | and Ͻ Y ¡ were measured, and ε m and m were calculated, as described previously (24) . Briefly, the surface probe "cell constant", k (m Hematocrit was determined both at baseline and at the end of the experiment via capillary tubes and a Clay Adams Readacrit centrifuge (model CT-3400, Becton Dickinson, Sparks, MD). Whole blood samples were spun for 5 min at 8,500 rpm, and the volume of packed red cells was expressed as a percentage of total volume.
Neosynephrine (phenylephrine) for LV dilatation. Neosynephrine was chosen to increase afterload and secondarily dilate the LV in a dose-response fashion to simulate LV dilation as would occur in a HF patient. Neosynephrine was infused at a constant rate of 75, 150, and 300 g/min in the first two pigs. For the later nine pigs, a lower dose of 37.5 g/min was added to this same infusion protocol. Baseline and data from at least two doses of neosynephrine, where LV dilation occurred as defined by endocardial crystals, were required for data to be used in analysis. Some doses of neosynephrine did not result in LV dilation, and this varied in every pig. Thus the doses given in the RESULTS section are the baseline and mean low and high doses of neosynephrine that achieved LV dilation. Each dose of neosynephrine was infused for 10 min to achieve steady state, and then data were acquired over the subsequent 5 min for a total of 15 min per dose.
Data acquired included heart rate, carotid pressure [Ao pressure (AoP)], descending thoracic Ao flow, short-and long-axis endocardial crystals, epicardial impedance magnitude (|Z ¡ |) and phase angle (Ͻ Z ¡ ).
Data were acquired while the respirator was suspended at endexpiration for at least five cardiac cycles.
Alternative methods for LV dilatation. To determine if LV dilation could be detected by epicardial admittance, preceding an increase in RV pressures, we examined two additional preparations: acute LAD occlusion and transient Ao occlusion. The question could not be posed in the neosynephrine dose-response study, because this drug acts as an ␣2-receptor agonist, and this receptor is present in both the systemic and pulmonary vasculature. Thus it was not possible to obtain an isolated increase in LV afterload without a simultaneous increase in RV afterload (15, 21) .
LAD occlusion. A suture was placed under the middle LAD, proximal to the epicardial admittance electrodes, and tied off to produce an acute dilation of the middle and distal anterior myocardium. Data obtained were identical to the neosynephrine protocol, but RV pressure was also obtained. Due to ventricular fibrillation, complete data were only obtained in six porcine studies.
Transient Ao occlusion. Transient Ao occlusion was performed successfully in 11 pigs. A fluid-filled saline occluder cuff controlled occlusion, and successful occlusion was defined by the reduction of descending thoracic Ao flow to Ͻ1 l/min. The flow probe was always immediately distal to the balloon occluder.
Pleural effusion simulation. Pleural effusions are common in HF patients and are a common source of artifact in the measurement of lung conductance by systems such as Optivol (18, 31, 35) and CorVue, since the electrical fields generated by these devices extend into the lungs. Epicardial admittance generates an electric field, which extends across the LV and thus should not have this source of artifact. To test this hypothesis, the chest cavity was filled with saline during the measurement of LV epicardial admittance (both on the right and left sides of the heart). The pericardium was used as a sling to keep the saline from coming into direct contact with the electrodes, similar to the final implementation of epicardial admittance. Immediately after baseline measurements, as outlined above, saline of conductivity close to blood (7,941 Ϯ 124 S/cm) was introduced into the chest. The introduced volume for all seven pigs was 425 Ϯ 90 ml, and, following introduction, all measurements were repeated.
Data analysis. The slope-relating G blood (mS) and endocardial crystal volume (ml) were determined in 11 animals at up to three doses of neosynephrine in each of up to six vectors, yielding a total of 99 paired measures of G blood and crystal volume (Fig. 3 ). Data were analyzed based on a repeated-measures linear model with a compound symmetric autocorrelation matrix and fixed intercepts for each pig and vector. The significance of the relation between G blood and crystal volume was assessed using a Wald statistic for testing the null hypothesis that the coefficient of LV Gblood in the repeated-measures linear model is zero. Statistical testing was two-sided with a significance level of 5% using SAS version 9.2 for Windows (SAS Institute, Cary, NC). For LAD occlusion, transient Ao occlusion, and pleural effusion simulation, paired baseline and intervention data were compared using a Student's t-test, again with a level of significance of 5%. All results are reported as means Ϯ SD.
RESULTS
Baseline Hemodynamics
The mean systolic AoP was 80 Ϯ 13 mmHg, and the heart rate was 86 Ϯ 17 beats/min. The mean LV end-diastolic and end-systolic long axis by crystals was 82 Ϯ 6 and 74 Ϯ 5 cm, respectively; and the mean LV end-diastolic and end-systolic short axis by crystals was 47 Ϯ 4 and 40 Ϯ 4 cm, respectively. The calculated mean LV end-diastolic volume was 100 Ϯ 31 ml, and the mean LV end-systolic volume was 69 Ϯ 25 ml measured via endocardial crystals. The mean LV ejection fraction was 31 Ϯ 6%, consistent with a depressed but nondilated LV preparation from the anesthetics and amiodarone given to minimize ventricular fibrillation. The mean descending thoracic flow was 8.0 Ϯ 1.8 l/min, and the mean RV systolic pressure was 19 Ϯ 3 mmHg. The mean distance from the LV apex to the most apical epicardial admittance electrode on the anterior surface was 3.0 Ϯ 0.9 cm, and on the posterior surface was 3.0 Ϯ 0.5 cm, consistent with the admittance electrodes being parallel to one another on either side of the LV epicardium.
The end-diastolic and end-systolic epicardial LV admittance magnitudes (|Y 
Properties Measurement and Hematocrit
Myocardial properties were determined in each pig for use in the equations to separate the blood and muscle admittance, as published previously (23) . The myocardial conductivity was m ϭ 0.33 Ϯ 0.03 S/m, the myocardial permittivity was ε m ϭ (19,710 Ϯ 2,786) ϫ ε 0 F/m, and the calculated ratio of /ε for myocardium was 1,923,320 Ϯ 179,592 S/F.
Hematocrit at the initiation of the protocol was 30.0 Ϯ 2.3%, and at the end of the protocol 33.0 Ϯ 4.7%, consistent with hemoconcentration due to minimal fluid administration during the protocol to mitigate changes in blood and myocardial electrical properties as a source of artifact.
Neosynephrine for LV Dilatation
Example data are shown in Fig. 2 , which demonstrates that the short-and long-axis crystals used to derive the standard for LV volume, and the |Z ¡ | and Ͻ Z ¡ used to derive LV G blood both detected dose-by-dose LV dilation. Data from 11 porcine studies are shown in Fig. 3 . The low-dose neosynephrine was 90 Ϯ 54 g/min, the high-dose neosynephrine was 180 Ϯ 107 g/min. The G blood was computed from the |Z ¡ | and Ͻ Z ¡ , and plotted against LV volume calculated from endocardial crystals. LV end-diastolic volume and complex impedance at end diastole were measured in each pig, and the results were converted into the G blood (LV G blood ) using the admittance technique, removing muscle contribution in real time (Fig. 3A) . The G blood , expressed in milliSiemens (mS), and LV volume, expressed in milliliters (ml), were measured at multiple values of LV volume for between one and six vectors on each pig, and the within-animal mean slope was computed for Fig. 3A . The slope relating G blood (mS) and the adjusted volume (ml), 1.16 Ϯ 0.48 mS/ml, was significantly different from zero (P ϭ 0.017). Data were also analyzed using the traditional conductance technique, which does not remove muscle contribution and demonstrates that our ability to detect LV dilation was lost and is dependent on having access to the imaginary component of the myocardial signal (Fig. 3B) .
LAD Occlusion for LV Dilatation
Hemodynamic parameters are shown in Table 1 at baseline and following LAD occlusion. Acute LAD occlusion produced a significant decrease in AoP and Ao flow. The anticipated increase in LV volume was detected by both the standard (endocardial crystals), as well as G blood . The large standard deviations in the G blood are a result of the wide range of electrode positions and an offset, which may be caused by variable surface electrode-myocardium contact. On average, an increase of 17% from baseline LV G blood corresponded to an LV volume increase of 4%.
Transient Ao Occlusion
Hemodynamic parameters are shown in Table 2 at baseline and peak transient Ao occlusion. AoP and endocardial crystalderived LV volume both increased. Ao flow decreased Ͻ1 l/min because that was the definition for a successful Ao occlusion. The increased afterload increases the LV G blood by 7% and the crystal LV volume by 9%. RV systolic pressure also increased slightly.
Pleural Effusion Simulation
Hemodynamic parameters are shown in Table 3 at baseline and during pleural effusion simulation. Neither the LV G blood nor the crystal-derived LV volume changed with saline placed around the heart.
DISCUSSION
This study has demonstrated that LV G blood can be determined from the epicardial position, despite the current gener- Values are means Ϯ SD from 6 pigs from 13 electrode positions. HR, heart rate; AoP, systolic right carotid (aortic) pressure; crystal volume, two-dimensional endocardial crystal left ventricular volume; Ao flow, descending thoracic aortic flow; RVSP, right ventricular systolic pressure; Gblood, left ventricular blood conductance derived from epicardial admittance. *P Ͻ 0.01. ating and sensing electrodes being in constant motion with the heart, and with dynamic removal of the myocardial component of the returning voltage signal. Specifically, it has been demonstrated that 1) a physiological LV G blood signal can be derived; 2) LV dilation in response to dose-response intravenous neosynephrine can be detected by G blood in a similar fashion to the standard of endocardial crystals when admittance is used, but not when only traditional conductance is used; 3) the physiological impact of acute LAD occlusion and resultant LV dilation can be detected by G blood , before the anticipated secondary rise in RV systolic pressure; and 4) a pleural effusion simulated by placing saline outside the pericardium does not serve as a source of artifact for G blood measurements.
Epicardial admittance tracks endocardial crystal-derived volumes accurately. We have demonstrated, via a repeatedmeasures linear model, an increase in the mean admittance volume with the standard of endocardial crystal volume with neosynephrine dose, and significant variation in the relation between mean admittance volume and endocardial crystal volume with dose (P Ͻ 0.001), reflecting greater changes in admittance volume with dose for larger hearts. The implication is that the admittance technique becomes more robust at detecting LV dilation in the largest hearts. The further advantage of the new technique is that it provides a measure of LV volume (G blood ) that can be safely translated to patients with HF, since it makes no changes to the electrodes currently implanted. Rather, it can be implemented through firmware and hardware changes to the existing circuit incorporated in the case of the generator of currently implanted AICD/biventricular pacemakers.
Right-sided pressures are used in many implanted devices to predict future episodes of HF in patients (1, 7, 19, 27) . The backwards HF theory (8) argues that HF initiates in the LV in these patients and subsequently elevates left atrial pressure, resulting in pulmonary edema, and finally elevates right-sided pressures, all subsequent to LV volume or preload and hence less sensitive measures of future HF episodes. This theory is best tested in a chronic HF model, since LV diastolic compliance is increased by this condition, and hence a greater change in LV volume will produce a less robust elevation of rightsided pressures. Despite our study being an acute preparation examining normal-sized LVs (even considering depression of ventricular function by amiodarone and anesthetics), acute LAD occlusion was able to confirm this theory by demonstrating an elevation of both LV G blood and echo crystal volume, but no increase in RV systolic pressures. These results are consistent with our hypothesis that an increasing LV G blood will be a more sensitive indicator of impending future episodes of HF than alternative pressure and lung conductance approaches.
Pleural effusions are frequent findings in patients with advanced HF. Devices that interrogate the lungs for pulmonary edema use a transthoracic resistance measurement from the tip of the RV lead to the case of the battery pack for the pacemaker/defibrillator and thus provide a wide electric field encompassing the LV, left atrium, thoracic skeletal muscle, ipsilateral lung tissue, intravascular blood volume in the lung, pulmonary interstitial edema, and finally pleural effusions to measure a changing fluid index. Having an electrical approach that is focused on the LV myocardium and blood volume would be preferable, but there still exists some electrical field extension into other sources of artifact, such as pleural effusions. To determine whether epicardial admittance would artifactually detect pleural effusions, we placed fluid outside the pericardium in the chest cavity to simulate this clinical condition. We demonstrate no alteration in the measurement of LV G blood in our studies, implying that epicardial admittance does indeed focus its interrogation on the LV itself.
The admittance technique (Fig. 3A) provides reliable tracking of LV preload similar to endocardial crystals, whereas traditional conductance does not (Fig. 3B) . This increased sensitivity of the admittance technique is due to the use of a phase measurement in the calculation of the admittance, which allows the real-time separation of blood and muscle components. The high resistance of muscle normally swamps a measurement of blood and muscle in series, because the resistivity of muscle is nearly five times that of blood. This causes the total measured traditional conductance signal to be low and nonspecific (Fig. 3B) compared with the LV G blood determined using admittance (Fig. 3A) .
In contradiction, studies by Stahl et al. (28, 29) , using traditional conductance, have shown promise in the detection of HF using existing biventricular leads. The study of Stahl et al. is very different from the present study for two reasons. The first major difference is that our stimulating electrodes span the LV, whereas, in Stahl's, they reside completely within the RV. In Stahl's design, the majority of current will be confined to the Values are means Ϯ SD from 7 pigs from 54 electrode positions. †P Ͻ 0.05, *P Ͻ 0.01. RV because the resistivity of muscle is five times higher than blood. This limitation is overcome in the present study by forcing the current across the LV by maintaining the current electrodes on opposite sides of the LV. The preferential path for current is, therefore, the low-resistivity blood pool. The second major difference is that the present study employs complex admittance for determining the relative muscle contribution to the measured signal. As seen in Fig. 3 , this separation of blood from muscle provides increased sensitivity to HF detection (increasing LV preload). Our study represents the first evidence that a cross-chamber complex admittance measurement shows improved sensitivity to LV blood pool volume measurement over a traditional conductance (or resistance) measurement.
There are several limitations of our study. First, although we were able to distinguish an increase in LV volume from RV systolic pressure with LAD occlusion, we were unable to do so for transient Ao occlusion. However, while RV systolic pressure increase was statistically significant with transient Ao occlusion, the absolute mean increase was 0.9 mmHg, which is not clinically significant. We could not use neosynephrine infusion to test the theory that LV preload will be a more sensitive indicator of impending HF than right-sided pressures, since both the systemic and pulmonary circuits have ␣ 2 -receptors (15, 21) . Ultimately, this theory is best tested in a dilated LV, where reduced chamber compliance will further favor LV preload as being the most sensitive endpoint for impending HF than pressure measurement. Second, we did not place the admittance electrodes onto ACID and biventricular pacing leads deployed in their recommended locations. However, we anticipate that, as the technique transitions to a closed-chest preparation in future embodiments of this technology, there will be improved admittance electrode contact, which was a source of error in the present study due to air acting as an insulator between the electrode-myocardial interface in the open-chest porcine preparation. This will substantially change the electrode interface impedance. It is anticipated that this source of artifact will no longer be relevant, as our approach transitions into a closed-chest preparation. Third, due to biological variation, not every dose of neosynephrine produced dilation in LV chamber volume. Since the end point of our study was LV dilation, only data from those neosynephrine doses that resulted in LV dilation were included in data analysis. Finally, although LV G blood can be used as a surrogate to volume, we did not actually convert LV G blood to LV volume. The equation of Baan et al. (3, 4) is not applicable, since L is not a constant with epicardial electrode placement. Future studies will benefit from derivation of a new G blood to LV volume equation.
In conclusion, we have developed a new electrical approach to impending HF detection, taking advantage of preexisting AICD and biventricular pacing lead locations, and maturing the conductance approach to moving source and sensing electrodes, while instantaneously removing the myocardial component to generate a final LV G blood signal.
APPENDIX
The blood and myocardium affect the electric field generated from the epicardial position differently than in the traditional intraventricular fixed electrode catheter measurement. In the epicardial lead configuration, the field travels completely through the entire thickness of the myocardial wall on both sides of the LV, while, in an intraventricular configuration, only a part of the field enters the myocardium (i.e., traditional parallel conductance). This dictates the evolution of a unique circuit model to explain the new electrode position. The real part of the impedance |Z ¡ | (more commonly known by its inverse, traditional conductance), is used to determine LV volume from the intraventricular position by creating a circuit model of the blood and muscle resistance in parallel. This traditional approach has not included the capacitance of the myocardium, introduced by our laboratory's admittance approach (23) . In contrast, the circuit model used in the epicardial approach introduced in the present study is both a series and a parallel combination (see Fig. 4 ). The capacitive component of the myocardium is in parallel with the muscle resistance. Furthermore, the blood resistance is now in series with the parallel muscle resistive and capacitive components, leading to different equations for dynamic separation of blood and muscle components.
The equations for separating R m and Rb are derived using basic circuit theory from the model presented in Fig. 4 .
The equation describing this circuit is as follows:
where is the angular frequency ( ϭ 2f). As can be seen in the above equation, the blood (R b) and muscle (Rm) components are separable, using the previously described conductance/capacitance relationship (23) . 
